Night break effect is widely used in chrysanthemum production by applying incandescent (INC) lamps to inhibit flowering of chrysanthemum in order to obtain longer shoots. To save energy, LED lamps had been developed as a new light source and used in agriculture. Since there is limited research on chrysanthemums grown in LED light culture, we studied the night break effect by using several different wavelengths of LED lamps. Red (R) light from LED-630 and LED-660 had perfect inhibition on floral bud differentiation in 'Jimba,' but could not inhibit that in 'Iwa no hakusen' chrysanthemums. The far-red (FR) light of LED-735 had no effect on the inhibition of floral bud differentiation in 'Jimba,' but it was delayed in 'Iwa no hakusen.' Treatments of LED-690 and INC lamps inhibited floral bud differentiation in 'Jimba' and strongly delayed that in 'Iwa no hakusen.' Treatments of a combination of R light of LED-660 and FR light of LED-735 inhibited floral bud differentiation in both the cultivars.
INTRODUCTION
Chrysanthemum (Chrysanthemum morifolium Ramat.) is one of the most important cut flowers and has the highest consumption in the world. As a short-day plant (SDP), wild type chrysanthemums flower in autumn under natural conditions. In other words, it flowers when night length exceeds a critical dark-period. Interruption of the dark period by a brief light treatment (night break, NB) prevents flowering in SDPs. Currently, in order to inhibit early flowering and increase its shoot length from autumn to winter; chrysanthemum growers apply NB lighting using incandescent (INC) lamps. INC lamps have very low electrical to light energy transformation efficiency. Now, in order to save energy, the Japanese government has decided to halt the manufacture and selling of INC lamps. Therefore, it is necessary to find a new light source that can be used in agriculture as an alternative to INC lamps.
The light environment, such as light intensity, light quality, and photoperiod, plays an important role in plants and affects their photomorphogenic development, which includes seed germination, shoot architecture, and flowering (Quail, 2002; Cerdán and Chory, 2003; Takano et al., 2009) . Photoperiod has a marked influence on reproductive growth and regulates the flowering of plants. Flowering plants can be classified into three groups depending on their responses to the photoperiod: long-day plants, SDPs, and day-neutral plants (Thomas and VincePrue, 1997) . The light signal is perceived by the photoreceptors of plants, such as phytochromes, cryptochromes, and phototropins, and the day-length is measured by the circadian clock (Srikanth and Schmid, 2011) . Phytochromes are mainly photoreceptors of red (R) and farred (FR) light and are encoded by three genes PHYA-PHYC in rice (Oryza sativa), an SDP . Phytochrome A (phyA) mediates FR light (Mockler et al., 2003) , while Phytochrome B (phyB) mediates R light and inhibits flowering in rice (Ishikawa et al., 2009) . Plants regulate their flowering by transducing the light signal into the circadian clock that controls the CONSTANS (CO) protein, a promoter activating the expression of the FLOWERING LOCUS T (FT) gene, which encodes a florigen under inductive conditions (Kobayashi et al., 1999; Kardailsky et al., 1999; Yanovsky and Kay, 2002; Corbesier et al., 2007) .
NB treatment inhibits flowering in rice, but the effect is reversed in the phyB mutant (Ishikawa et al., 2005) . Thus, phytochromes are involved in the NB effect on flowering. When phytochromes perceive different wavelengths of light, plants reveal distinct physiological responses. Therefore, light qualities of NB also have different effects on flowering (Kadman-Zahavi and Ephrat, 1972) .are characterized by high phototransformation efficiency and low power consumption, will serve as an alternative to INC lamps. Since an LED is a monochromatic lamp, the different light wavelengths of LED lamps have different effects on the flowering of chrysanthemums. Ishikura et al. (2009) reported that NB by emission of R light from an LED showed a similar effect with the use of an INC lamp on chrysanthemum flowering inhibition. Ohishi et al. (2010) showed that NB using a 630 nm LED had the highest NB effect. However, NB using LED lamps of other wavelength regions had rarely been attempted on chrysanthemums. There are very few reports on the effect of NB treatment by LED light of the same wavelength for different flowering types of chrysanthemum, for which the flowering season were different, such as summer-toautumn-flowering type and autumn-flowering type chrysanthemums. Generally, FR light can reverse the effect of R light (Reid et al., 1967) , but INC lamps, which contain both R and FR light, had marked NB effects on many flowering types of chrysanthemum. Therefore, it was necessary to verify the effect of R FR light from LED lamps. Since there are many effects that are unclear, there is limited application of LED lamp in chrysanthemum production. In this study, we studied the NB effect of LED lamps on chrysanthemum flowering by different wavelengths.
MATERIALS AND METHODS

Plant materials
Two cultivars of chrysanthemum were used as plant materials. One was the autumn-flowering type, 'Jimba,' which flowered in October under natural conditions in Japan. The other was the summer-to-autumn-flowering type, 'Iwa no hakusen,' which flowered in June under natural conditions in Japan. Both of them were the representative cultivars of year-round chrysanthemum production in Japan.
Night break light sources INC lamps (100V 40W; Ashahi electric Co., Ltd., Japan) and LED lamps (12V; Shibasaki Inc., Japan) were used in this study. Four kinds of LED lamps, with peak emission wavelengths of 630 nm, 660 nm, 690 nm, and 735 nm, were used. Twenty-two LED lamps were installed uniformly on the ceiling of the growth chamber. Only one INC bulb, which was the same size as the LED pattern, was hung in the center of the framework.
Methods
The planting case (32 cm 43 cm 10 cm) was filled with the BM2 plant medium (Berger Peat Moss Ltd., Canada) and divided into two parts where shoot cuttings of the cultivars were planted. Each planting case contained 50 shoot cuttings, each 10 cm in length, and was given a 0.05% nutrient solution (N:P2O5:K2O 6.5:6:19, Hyponex Co., Ltd., Japan) every week. Plants were grown in a growth chamber with a constant temperature of 23°C and irradiated with fluorescent lamps (PPF of 144 mol m 2 · s 1 at the plant medium surface) for 12 h (9:00 21:00) each day. Six treatment plots were given six different NB treatments for 6 weeks. The six treatments were LED-630, LED-660, LED-690, LED-735, LED-630 735, and INC. The NB treatment time was 6 h (23:00 5:00) each day. The LED treatments provided monochromatic light with peak emissions at 630 nm, 660 nm, 690 nm, 735 nm, and 630 nm 735 nm. The LED-630 735 treatment was composed of 22 LED lamps divided equally between 630 nm and 735 nm emissions. The control comprised plants that grew in a 12-h photoperiod (short day, SD) condition without NB treatment. Three growth chambers were used in this study. Each growth chamber was divided into two parts, an upper half and a lower half, which served as the NB treatment plots. NB lighting was blocked between the two halves of each growth chamber, and it did not interfere with the other half. Each treatment was repeated three times.
Data collection and analysis Light intensity and spectral photon flux distribution were measured using a LI-1800 (LI-COR Inc., Lincoln, NE, USA) light spectrophotometer at the surface of the plant medium, 40 cm below the lamps (Fig. 1A, B) . Light intensities of LED lamps were shown as photon flux per unit wavelength at the peak emission in the spectrum, and also were shown as total photon fluxes (Table 1) . Five plants of each cultivar were sampled in every treatment each week. Their floral bud differentiation (FBD) was observed under the microscope. The FBD level was classified into seven stages (Fig. 2 ) and the index of FBD was calculated by the formula given below:
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(1) the photochemical cross section of Pfr (m 2 mol 1 )] Data of red and far-red absorption state r and fr from 300 to 800 nm were also used from Sager et al. (1988) .
RESULTS AND DISCUSSION
The FBD of 'Jimba' was observed and the index of FBD reached 1.0 in the sixth week in the SD treatment (Fig. 3A) . In LED-735, which is similar to the SD treatment, FBD was also observed beginning at the third week, and the index of FBD reached 0.98 in the sixth week. In treatments of LED-630, LED-660, LED-690, LED-660 735 and INC, all plants did not produce differentiated floral buds. The indexes of FBD were all lower than 0.2 and were zero or close to zero (Fig. 3A) . Regardless of the different light sources, the FBD was completely inhibited in those treatments.
In 'Iwa no hakusen,' similar results were observed as those in 'Jimba,' as FBD was also observed and the index of FBD reached 0.86 in the sixth week under the SD treatment (Fig. 3B) . However, the results differed from 'Jimba' in LED-630 and LED-660; FBD was observed and indices reached 0.72 and 0.76, respectively, in the sixth week. The FBD of 'Iwa no hakusen' was not inhibited in either of the treatments. In LED-735, it did not inhibit the FBD and a delayed effect was observed with an index of 0.27 in the sixth week. The index of FBD in the other treatments, LED-690, LED-660 735, and INC, were 0.09, 0.09, and 0.17 respectively, which showed a strongly inhibitory effect on FBD.
Although, total photon flux of LED-660 was the lowest and that of LED-630 was the highest (Table 1) no hakusen'. Moreover, the results of both cultivars were different in the same total photon flux of LED-630 or LED-735. We considered that the difference of cultivars was more contributed than total photon flux of LEDs to the different results of both cultivars. Therefore, the results were less affected by total photon flux of LEDs in this study, but light qualities. The light spectrum of LED-630 and LED-660 were distributed in the R light range of 600 700 nm. Generally, NB by R light has the strongest effect on inhibition of flowering in SDPs (Thomas and Vince-Prue, 1997) . In 'Jimba, ' both the LED-630 and LED-660 treatments inhibited its flowering perfectly. However, the R light treatments did not inhibit FBD in 'Iwa no hakusen,' suggesting that 'Iwa no hakusen' differed from 'Jimba' in R light NB response.
The light spectrum of LED-735 was distributed in the FR light range, over 700 nm. LED-735 was used for FR light treatment. NB by FR light had no effect on FBD in 'Jimba,' which was similar to that in the SD treatment. In another study, we carried out a 9-h day elongation using 735 nm LED lamp irradiation in 'Jimba' after 15 h of fluorescent lamp irradiation. After 6 weeks of treatment, inhibition in flowering was observed, which was similar to that of growing in long day (LD) conditions (data not shown). It has been suggested that FR light irradiation at night could not reverse the inhibition of flowering in 'Jimba' grown in the LD condition. In SDP rice, NB by FR light failed to suppress Hd3a expression and showed no difference to the flowering in the SD treatment. This result suggests that FR light NB had no effect on the flowering time (Ishikawa et al., 2009) . Therefore, the NB by FR light treatment had no NB effect on 'Jimba,' and FR light treatment showed similar effects as the dark treatment. On the other hand, the FR light NB showed a serious delay in FBD in 'Iwa no hakusen.' This suggests that FR light of 735 nm LED NB had an inhibitory effect on the flowering of 'Iwa no hakusen.' Therefore, it was assumed that photon flux density (PFD) of FR light would relate to the index of FBD in 'Iwa no hakusen.' Figure 4 indicates that no relation was found between PFD of FR light and index of FBD of 'Iwa no hakusen.' The floral bud inhibitory effect of FR light by PFD could not be explained in this way.
In chrysanthemum production, INC lighting has wavelengths ranging from 400 nm to over 800 nm, which includes R and FR light. It is a good light source for the inhibition of chrysanthemum flowering. LED-690, LED-660 735, and INC all contain R and FR light. LED-690 and LED-660 735 had a similar inhibitory effect as that of INC on both the cultivars. In a previous study, FR light NB overcame the R light NB effect on the inhibition of flowering in a R and FR light alternating irradiation experiment (Ishikawa et al., 2009) . However, in this study, FR light did not totally cancel the R light NB effect when R and FR were irradiated at the same time, because the R light continued to irradiate until the end of the NB treatment. Although FR light had no NB effect, the R FR light did show NB inhibition of FBD in 'Jimba' because of the R light inhibitory effect. In 'Iwa no hakusen,' FBD was observed in LED-660, but LED-660 735 inhibited it. The result suggested that R FR light NB irradiation could inhibit FBD in 'Iwa no hakusen,' but no specific reason could be established. As a result, a combination of R and FR light of NB effectively inhibited FBD in both chrysanthemum cultivars.
Generally, R/FR ratio was used as an index of plant photomorphogenesis. However, there was no relationship between R/FR ratio and FBD in both cultivars (Fig. 5A, B) . On the other hand, light regulated flowering by adjusting the activity of phytochromes. There were two light absorbing forms of phytochromes, biologically active Pfr and inactive Pr, which have maximum absorption spectra at 668 nm and 730 nm, respectively (Kelly and Lagarias, 1985) . Therefore, it was assumed that Pfr/Ptotal would relate to the index of FBD. Although it is shown that the index of FBD was inhibited when Pfr/Ptotal was higher than 0.4 in 'Jimba' (Fig. 6A) , there was no relation between Pfr/Ptotal and index of FBD in 'Iwa no hakusen' (Fig. 6B) .
PhyB was involved in mediating R light NB inhibiting flowering. In rice, phyB mutants had lost the NB effect and flowering was similar to that in the wild type in the SD treatment (Ishikawa et al., 2005) . PhyB can be induced physiologically active Pfr form in continued R light because of photoreversibility. In the night time, the Pfr form of PhyB had been photoconverted to the inactive Pr form gradually; and since there was no R light, it was called dark reversion (Medzihradszky et al., 2013) . As the Pfr form is the physiologically active form of phyB, the Pfr form of phyB must be active in the 'Jimba' exposed to the R light NB, which photoconverted the Pr form of phyB to the Pfr form at night, and thus inhibited FBD.
PhyA also had been photoconverted to Pfr form (max 85%) in the R light. Those Pfr forms of phyA were imported to the nucleus and repressed PHYA mRNA transcription (Quail, 1994) . Therefore, the content of PhyA protein declined in the cytoplasm under R light. In the dark, after the Pfr dropped below the critical level, high transcriptional activity resumed, and phyA was synthesized in Pr form that accumulated in the cytoplasm. Therefore, in the SD treatment, phyA protein decreased during the daytime and increased at night in Arabidopsis (Mockler et al., 2003) . Similarly, under FR light, only approximately 1% Environ. Control Biol. of phyA was converted to the Pfr form and phyA accumulated in the cytoplasm, with approximately 99% in the Pr form (Quail, 1994) . Therefore, similar changes took place in phyA between FR light of NB and in the night time of SD in 'Jimba.' The FBD results were similar to those in LED-735 and SD treatments of 'Jimba.' However, 'Iwa no hakusen' showed different results both in R light and FR light NB. This suggests that the physiological action would differ in 'Iwa no hakusen' and 'Jimba' in NB of R light and FR light.
In chrysanthemum breeding, breeders have continually selected mutants from the original chrysanthemum and improved them. Some mutations have lost their response to photoperiod and can flower regardless of the photoperiod. 'Iwa no hakusen' is the one of improved chrysanthemum cultivars from a mutant that can flower in June. The mutation in 'Iwa no hakusen' might be the factor responsible for the difference between 'Iwa no hakusen' and 'Jimba' in terms of the light quality NB response to flowering.
R light NB showed marked flowering inhibition effect on the autumn-flowering type of chrysanthemum 'Jimba,' but not in the summer-to-autumn flowering type of chrysanthemum 'Iwa no hakusen.' This suggests that a treatment of only R light could not inhibit flowering in all the popular chrysanthemum cultivars. A combination of R and FR light NB of LED lamps (660 nm 735 nm) showed a better inhibitory effect than R light or FR light irradiation alone on both the flowering types of chrysanthemum cultivars. Thus, a combination of R and FR light of LED lamps was a potential light source for inhibiting flowering in chrysanthemums.
